The implementation of large-scale carbon capture and storage (CCS) in the power and industrial sectors will require substantial financial investment. Consequently, research is needed to identify cost effective CCS deployment strategies. This project combines a CO 2 pipeline optimization tool, technoeconomic models for CCS components, and regional spatial data to examine how CCS infrastructure might develop in the southwestern United States under the American Power Act (APA).
Introduction
The American Power Act (APA) proposes a cap-and-trade program for greenhouse gas (GHG) emissions and provides specific bonus allowances for early CCS projects (up to 72 GW nationally) [1] . Given the proposed incentives, this project examines how CCS infrastructure might develop and whether the bonuses are sufficient to drive investment. It also models whether projected CO 2 allowance prices will support continued CCS deployment after the bonuses expire.
In addition to APA-related results, the model provides valuable insight into the deployment of CCS infrastructure in a real geographic region. Specifically, the model identifies optimal deployment strategies, the levelized cost of CCS, the CO 2 emitted and captured, and constraints on regional CO 2 storage capacity. The model also identifies areas in which interconnected regional pipeline networks are optimal and provides preliminary insight into the conditions that favor networks as opposed to independent dedicated pipelines for each source.
Methods
A CCS deployment scenario specifies CO 2 reduction targets for six deployment years from 2016 to 2050 (Table 1) . For each target, a CCS infrastructure optimization tool identifies the lowest cost infrastructure for matching CO 2 sources and sinks within the region. Specifically, this tool identifies the location and number of required CO 2 sources, the location, type, and number of CO 2 injection sites, and the diameter and location of pipelines. Figure 1 illustrates the locations of all potential CO 2 sources and sinks as well as the candidate pipeline network within the study area (southwestern US). The optimization tool is a mixed integer linear programming model, which is formulated in GAMS and solved in CPLEX [2] . The selected sources, sinks, and pipeline segments are exported for further analysis in a geographic information system (GIS) and technoeconomic model. 
Deployment Scenario
The deployment scenario is based on the allotment and timing of APA bonus allowances to 2050 and, beyond the bonus timeframe, it is based on general CO 2 reduction targets (Table 1) . It is assumed that only the power sector is eligible for bonuses during the first three phases. However, the industrial sector is included from 2030 to 2050. The power sector includes both coal and natural gas-fired power plants. It is assumed that existing coal-fired power plants are replaced with new integrated gasification combined cycle (IGCC) plants with CCS and existing natural gas-fired power plants are replaced with new natural gas combined cycle (NGCC) plants with CCS. Power plants become eligible for retirement when they have been operating for more than 30 years and replacement plants are built in the same location as the original plant. The industrial sector includes refineries and cement, ethanol, and ammonia plants. CCS is applied to industrial plants as a retrofit. Infrastructure in each phase is optimized with knowledge of the infrastructure built in previous phases. N/A N/A 80% 2050 *Bonus allowances expire after the first ten years of plant operation **National bonus allotments are adjusted for the southwestern region (~16.4% of national power capacity)
Economics
The cost of capture (in $/tonne CO 2 avoided) is calculated for each power plant assuming that the existing plant is replaced with a new plant with CCS with the same net annual generation (MWh/year). The location, capacity, and CO 2 emissions of existing power plants are given by US EPA Egrid data [3] and costs for both old and new plants are calculated using the Integrated Environmental Control Model (IECM) [4] . New NGCC plants with CCS have the same capacity factor as the replaced plant and new IGCC coal plants with CCS have a 75% capacity factor. Only power plants with nameplate capacities > 250 MW and capacity factors > 10% are included. All power plants with CCS are assumed to capture 90% of CO 2 emissions. A low real discount rate of 7% is used for power plants since they are assumed to be built by public or regulated utilities (40-year economic lifetime for a capital recovery factor (CRF) of 7.5%).
The costs for retrofitting industrial plants are based on several sources [5] [6] [7] [8] [9] . The locations and CO 2 emissions associated with these plants are given in GIS data provided by the Southwest and Southeast Regional Carbon Sequestration Partnerships (SWCARB and SECARB). Only plants with CO 2 emissions > 25,000 tonnes per year are included in this study. Since industrial plants are operated by private corporations, a discount rate of 10% is used (economic lifetime of 10 years for a CRF of 16.3%). The avoided cost of capture for power and industrial plants is given in Table 2 . Since each plant has a unique cost based on its size and current CO 2 emissions, a range of costs is given for each plant type. Learning rates are used to model the decline in capture costs over time. The learning rates for pre-combustion (IGCC) and post-combustion (NGCC, cement, refinery) capture are given in Rubin et al. [10] . All costs are in constant 2009 US dollars. For onshore CO 2 pipeline transport, the model uses capital costs and pipeline capacities provided by the Interstate Natural Gas Association of America (INGAA) [11] (Table 3 ). The annual O&M cost is assumed to be 2.5% of the capital expenditure and the CRF is 16.3%. In mountainous and urban areas, the capital cost is assumed to be 50% larger than the costs listed in Table 3 . The candidate pipeline network is based on existing natural gas pipeline rights-of-way [12] . This model includes saline aquifer, enhanced oil recovery (EOR), enhanced coalbed methane (ECBM), and depleted oil and gas sites as potential geologic sinks for CO 2 . The costs are based on models developed by Ogden and Johnson [13] . CO 2 injection sites are assumed to be owned and operated by private corporations so a CRF of 16.3% is used. The locations and capacities of the sinks are provided in GIS data from SWCARB and SECARB and it is assumed that sinks must be able to store 50 years of emissions from each source. Avoided costs of injection for different sinks are given in Table 4 . Costs are positive for EOR and ECBM because it is assumed that EOR and ECBM operators are willing to pay $0/tCO 2 and $8/tCO 2 , respectively. In addition, it is assumed that the additional CO 2 emissions associated with recycling and recompressing produced CO 2 during EOR and ECBM results in a significant decline in CO 2 avoided and thus substantially higher avoided costs. 
Results
The model identifies the optimal CCS infrastructure deployment strategy for each of the deployment years. Figure 2 illustrates the optimal strategy for three of these years. In Phase 1 -Tranche 1, only 1.64 GW of power is supported by the APA, resulting in the construction of three new demonstration power plants with CCS. The two plants in Colorado are connected on a single pipeline network while the third plant in Texas has a dedicated independent pipeline. In Phase 2, which is the last phase that receives incentives for CCS projects, the majority of plants have independent pipelines to injection sites. However, the pipeline network in Colorado has expanded to include four plants and a small network has begun to develop in Texas. As a result of the incentives provided in phases 1 and 2, the APA supports the construction of 11.7 GW of power with CCS, resulting in the potential avoidance of ~72 MtCO 2 per year by 2025, or 15% of regional CO 2 emissions (Table 5 ).
The infrastructure designs depicted in Figure 2 indicate that, initially, most CO 2 sources are able to connect to nearby injection sites, which are well-distributed in the study region. However, as the demand for CO 2 storage increases in 2030 and beyond, much of the local storage capacity is filled and regional CO 2 pipeline networks develop in order to access more distant available storage capacity. In 2050, few sources have point-to-point dedicated pipelines, but instead are connected to regional pipeline networks with access to new storage capacity. Although plants must transport their CO 2 further to reach available storage capacity in 2050, the average pipeline length per source is small since regional pipeline networks and sinks are shared by many plants (Table 5 ). Figure 3 illustrates the average levelized cost of CCS for each component and each deployment phase. The average cost of CO 2 capture declines as a result of learning until 2040. Beyond 2040, the average capture cost increases since CCS must be installed on plants with high capture costs (e.g., natural gas power plants and industrial facilities) in order to achieve the 80% CO 2 reduction target in 2050. The cost of CO 2 transport declines over time as the development of regional pipeline networks provides economies of scale. The injection cost remains constant as it does not benefit from economies of scale or learning in this study. Despite decreasing capture and transport costs, the total average levelized cost of CCS increases with time as APA incentives expire and sources with higher capture costs install CCS. In the southwestern region, about 300 MtCO 2 per year can be avoided with CCS (~62% of regional emissions from the power and industrial sectors) at a cost below ~$50/tCO 2 ( Figure 4) . The majority of the avoided CO 2 is achieved by replacing old coal-fired power plants with new IGCC plants with CCS. Beyond 300 MtCO 2 per year, the levelized cost of CCS increases quickly. Figure 5 shows the levelized benefit of installing CCS at each facility relative to the alternative of emitting CO 2 and paying the CO 2 market price for three CO 2 price projections ( Figure 6 ). The incentives provided by the APA in phases 1 and 2 allow early adopters of CCS to derive benefits even when the CO 2 price is at the clearing price. Consequently, these incentives should successfully promote early demonstration projects. Beyond the incentive period, additional adoption of CCS will only continue if the CO 2 price is above the clearing price. An upward jump occurs in each new deployment phase because we assume that all plants are built in the beginning of each phase and each phase occurs at a later date when the projected CO 2 price is expected to be higher ( Figure 6 ). Therefore, the higher cost of paying for emitted CO 2 in later phases allows plants with high capture costs to become viable candidates for CCS. About 360 MtCO 2 per year (~75% of regional emissions from the power and industrial sectors) can be avoided with CCS by 2050 if the CO 2 price is greater than or equal to the EPA projected price [1]. Figure 5 Levelized benefit of CCS relative to paying the CO2 price for three price projections 
Conclusions
A CCS infrastructure optimization tool has been developed that can identify and evaluate optimal CCS deployment strategies for a real geographic region under a specified policy scenario. In the southwestern USA, the CCS incentives in the American Power Act appear sufficient to drive investment in phases 1 and 2 from 2016 to 2025. From 2030 to 2050, CCS investment will only continue if the CO 2 price remains above the clearing price. The EPA projected price should be more than adequate to drive investment. About 300 MtCO 2 per year can be avoided via CCS for a cost below ~$50/tCO 2 avoided. In order to achieve a 360 MtCO 2 per year reduction (~75%), the cost increases to $105/tCO 2 avoided, but still falls below the EPA projected CO 2 price in 2050.
With widely distributed potential CO 2 injection sites in this region, large regional networks are not common in early stages of CCS deployment. However, as CCS adoption increases and local storage capacity is consumed interconnected regional pipeline networks develop in some areas in order to access additional storage capacity. The deployment strategies identified by this model suggest that storage capacity constraints are the primary cause for the development of longer and/or networked pipelines.
In the future, this project will model additional scenarios (e.g., decreased storage capacity, higher value on CO 2 for EOR and ECBM, and alternative policies) to better understand the factors that influence CO 2 infrastructure design. The model will also be applied to examine the potential benefits of oversizing early pipelines in anticipation of future flows. Finally, the model will be applied to other regions in order to develop a national CCS infrastructure assessment.
